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ABSTRACT

The primary goal of this study has been to establish criteria for

designing high power microwave amplifiers capable of adequately
functioning in environments associated with space missions.

The expected space environment, both natural and artificial, has

been carefully catalogued and a special treatment for calculating the
ionizing radiation of the Van Allen Belts developed, including assumptions
and their degree of uncertainty. The effects of the over-all environment
on the materials of a space tube package have been evaluated and the
materials given a preference ranking. The essential properties required
of a space tube are also enumerated and means of achieving them dis-
cussed, in detail, for linear-beam tubes, especially for traveling-wave
amplifiers required to operate in the range between 1 Gc at 10,000 watts
CW and 10 Gc at 100 watts CW. Limitations and problem areas are
pointed out and some new concepts have been advanced.

The importance of pre-flight testing is emphasized, and a

philosophy of combined-environment testing advanced; sequential testing

is

Lv

also discussed.
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SECTION 1
INTRODUCTION

1.1 OBJECTIVE

The primary goal of this study is to establish criteria for the
design of microwave amplifiers and for the selection of their constituent
materials that will allow the tubes to perform their functions adequately
in the environmental conditions associated with space missions.

This final report concludes the study and covers the period from
March 21, 1963 to March 21, 1964. It expands upon the interim report“)
published January 3, 1964 covering the first eight months of the period.
Since the interim report was written, additional applicable literature
has been found, of which several articles have been published as recently
as April, 1964. These references have provided significant additional
information concerned with micrometeorite hazards, solar flare advance
warning, and a new radiation zone, which are discussed in Section 2
and radiation effects on ceramics, vacuum effects on dielectrics, and
combined environmental effects on dielectrics, which are discussed
in Section 3. Figures 3-2(a) and 3-2(b) have been added and additional
data incorporated into Figures 2-5 and 2-6.

Section 4 which discusses the design of space tubes has been
augmented to point out the limitations which bound the de signs. Solu-
tions are suggested for some of the problems critical to the space
application, notably the beam collection problem. A state-of-the-art
speculation for the next few years is also ventured and some new
concepts advanced.

Recent information from new references concerning the rise-to-
orbit stress profiles encountered by electronic payloads has been
included in Section 5 on testing.




1.2 DEFINING THE SCOPE OF THE PROGRAM

The work is organized under three general headings: the space
environment, tube materials, and the design of space-oriented micro-
wave tubes.

1.2.1 Space Environment

The space environment is meant here to include all of .
the environmental stresses that an electron tube would be subjected to
throughout its existence. These are the natural environments of space,
the modified environment introduced by the presence of the satellite
skin and the use of nuclear power, and various attendant environments
such as those concerned with pre-launch handling and conditioning, and
the launch itself.

‘a

Since a general study rather than one aimed at a selected
mission was specified, the study has envisioned a second or third
generation version of a communications satellite or military equivalent
operating at some altitude between 150 km and 35,000 km at an unstip-
ulated angle of inclination. However, it is recognized that such space-
oriented tubes may also be used on vehicles going to the moon or other
planets, particularly Mars. In consequence, a small part of the effort
has been directed toward the needs of such missions. Intergalactic
flights have been given little consideration. ¥

1.2.2 Tube Materials

The materials studied have been classified into these
categories: structural metals, magnetic metals, ceramics, glasses,
and organic and inorganic dielectric materials used primarily for
wire coatings and potting.

1.2.3 Microwave Tube

The investigation is generally restricted to amplifiers k.
having the following ranges:

(1) Frequency: between approximately 1 Gec and 10 Ge . b
{2) Bandwidth: as large as possible
(3) Average power: Adhering to the criterion sz > 10 where

Pis in kw and f is in Gec. (100w@X -
band; 10 kw@L)

1-2
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The choice of frequency range is associated with
the low noise temperature seen by a ground antenna aimed through the
earth's atmosphere into space. This window in the spectrum is bounded
by high galactic noise on the low end and atmospheric absorption on the
high end, as shown in Figure 1-1.(2) Antenna sizes for this range are
also reasonable. For space-to-space applications the higher frequencies
can be exploited, leading to reduced antenna sizes without atmospheric
attenuation problems.

The power criterion is chosen with an eye to
probable power demands of next generation space missions, which are
as yet unspecified. An approximate idea of the power requirements
for various tgr)pes of transmissions can be roughly ascertained from
Figure 1-2;( here is plotted the satellite transmitter power necessary
to send television, voice, and narrow-band telemetry signals to earth
from various space distances. This graph assumes normal requirements
rather than a perfect receiver, low noise amplifier, airborne antenna,
and special storage techniques (i.e., slowing down the rate of sending).

The graph shows that the power range discussed
in this report should be adequate for real-time TV transmission from
orbiting satellites, or voice communications from the vicinity of the
moon, and narrow band telemetry from interplanetary distances. If
the ideal conditions could be more closely approached, for example,
the first three of the above; then a real-time TV picture from Mars
would require only about 10 kilowatts of power and with storage a
single picture could be sent using only 10 watts.

1.3 ATTRIBUTES DESIRED IN A SPACE TUBE

Logic dictates that a space tube must be highly reliable, should
operate efficiently, and should have minimum weight (mass). It must
be capable of surviving through three distinct life phases: the earth
phase prior to launch, the rise-to-orbit phase, and the orbital or space
mission, In some cases there can, of course, be a re-entry and subse-
quent earth phase as well,

The stresses imposed on the tube package by these three environ-
ments are discussed and suitable tests to evaluate a tube are described.

1-4




1.4 APPROACH TO THE DESIGN OF A SPACE TUBE

First, the mission needs to be specified. Once this has been
done the requirements on the tube can be roughly estimated from a
graph such as Figure 1-2 or can be described more accurately in
terms of the bits per second of information to be transmitted over the
required distance. An illustrative graph of this type is shown in
Figure 1-3.(2) This plot enables one to choose the power level needed
to send the necessary bits per second from the satellite to the earth --
the earth antenna and space antenna sizes being parameters. A similar
analysis can be applied in the case of a space-to-space link,

The choice of auxiliary power is now dictated by the electronic
payload power requirements of which the tube power might well be a
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Figure 1-3 - Data Rate Versus Interplanetary Distance from an Earth
Antenna to a Satellite for Various Effective Radiated Powers
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major requirement in an unmanned mission or but one of many power
requirements in a manned mission. This power choice is very important
for this reason: If the duration of the mission and the power demanded
dictate the choice of a nuclear-reactor power source, then the radiation
environment in which the tube must exist is substantially different from
that presented by the natural environment of space. Figure 1-4 displays
the regions of optimum coverage by various types of auxiliary power
generators as they might well be for the next few years based upon the
best knowledge available on the progress in various power source
approaches.

Finally the design of the space tube is discussed. Here one has
to consider the various tradeoffs involved in the quest for most satis-
factory performance while adhering to the high reliability-high efficiency-
low weight goals.
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The general limitations encountered are discussed in terms of
the tube components; the gun, the focusing structure, the circuit, and
the beam collector. Special problems facing the space tube designer
are pointed out.

The importance of adequate and realistic testing of the space
tube package is emphasized, and the theory and the practical imple-
mentation of such tests are described.

In conclusion, the lessons drawn from the entire study are
summarized. Some new concepts are suggested and general guideline
goals for the future are defined.

Before discussing the philosophy guiding the design of the space
tube, it is informative to take a detailed look at the environment in
which the tube must exist.




SECTION 2
NATURE OF ENVIRONMENT

This section details the three environments listed in subsection
1.2.1, viz., the natural space environment, the modified environment
of the space vehicle interior which might include a nuclear power source,
and the specialized environments of testing, storage, and sterilization.
The natural space environment is described in terms of its composition
(from sea level through the F region of the ionosphere), pressure, density,
and temperature. Next, hazardous conditions such as micrometeoroids,
electromagnetic radiation, ionizing radiation, and the magnetic field are
described. In conclusion, the atmospheres of the moon and the planets
Venus, Mars and Jupiter are discussed briefly. Available data on deep
or interplanetary space are included.

2.1 NATURAL SPACE ENVIRONMENT

Space can be considered to begin about 160 km above the earth's
surface or at the perigee of the lowest practical orbit for an earth
satellite. Interplanetary space (that portion of space which is within
the solar system but beyond the influence of individual planets) starts
at several thousand kilometers above the earth and is interrupted
comparatively briefly by the moon and its atmosphere and the other
planets with their atmospheres. The volume beyond the solar system
can be termed intergalactic space.

Some idea of the magnitude of the distance involved can be obtained
from Table 2-1.

2.1.1 Atmospheric Pressure and Density

Anyone who has gone up in an express elevator or an
unpressurized plane has been made aware that atmospheric pressure
decreases with increase in altitude. But how low the lowest pressure
in outer space may be has not yet been settled satisfactorily. Certainly
it is a better vacuum than is attained with any but a very few laboratory
vacuum systems, being beyond the range called ultra high vacuum. But
whether the pressure is 10-12 or 10-20 Torr, or somewhere in between,




Table 2-1 - Selected Distances in Space

Kilometers Miles Earth Radii
Altitude of Stratosphere 10 to 80 6 to 50
Altitude of Ionospheric Region '"D" 60 to 90 37 to 55
Altitude of lonospheric Region "E" 90 to 140 55 to 85
Altitude of Ionospheric Region "F" 140 to 1300 85 to 800
Altitude of Protonosphere above 1300 above 800
Mean Distance to the Moon 384,400 239,700 60.27
Mean Distance to the Sun 150,000,000 92,900,000 23,450
Perigee and Apogee of Mercury 165 & 250 102 & 160
Perigee and Apogee of Telstar I 957 & 5633 600 & 3550
Perigee and Apogee of Telstar II 971 & 10808 610 & 682
Perigee and Apogee of Relay I 1312 & 7445 828 & 4700 0.21 & 1.19
Perigee and Apogee of Syncom 1 34182 & 37014 | 21500 & 23300 | 5.44 & 5.95
Perigee and Apogee of Syncom II 35780 & 35793 | 22400 5.7
Perigee and Apogee of Imp. I 190 & 195,000 | 120 & 122,800 | 0.0306 & 31.2

P-2043

The distance to the planets Venus and Mars, at their point of closest approach, is
more than 100 times the distance to the Moon. }

is subject to question. It has not been measured directly and, in fact,
calibration of gauges for pressures of 10~12 Torr and lower is still a
controversial issue.*

Between 200 and 2500 km atmospheric pressure varies
from day to nighttime and there is also a difference depending on the
solar cycle (solar flare cycle, sunspot cycle). Figures 2-1, 2-2, 2-3,
and 2-4 show these phenomena.,

It can be seen in Figure 2-1(4,5,6) that at the altitudes
traversed by the astronauts, the pressure outside their capsule is the
high vacuum of good laboratory vacuum systems, 10-6 Torr. At an

*A Torr is 1/760 of a standard atmosphere and hence almost exactly
equivalent to 1 millimeter of mercury. The unit was named after
Evangelista Torricelli, the 17th century Italian mathematician and
physicist.

2-2
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.

800 km altitude this pressure is down to 10-9 Torr, a pressure achieved
by only a few laboratory vacuum systems, which have special seals and
bakeout facilities, cryopumping or liquid nitrogen baffling.

At such extremely low pressures, where the mean free
path of gas molecules becomes so long, gas density is more meaningful
than pressure. Figure 2-2(4,7) substitutes density for pressure in two
unit systems, grams per cm3 and particles per cm3. For instance, at
about 160 km altitude, the density is about 10~2 g/crn3 and about 10!!
particles/cm3, At 2500 km the density has been reduced to 10-20
g/cm3 and 105 particles/cm3.

The daytime-nighttime difference is shown in Figure 2-3(7)
and the solar cycle induced density variations are shown in Figure 2-4.(8)
A short discussion of the solar cycle is found in subsection 2.1.6.3.

While these are the best figures now available for the
pressure out in space, it should be emphasized that inside a space
vehicle or satellite the pressure may be somewhat higher because of
deliberate use of hermetic or labyrinth seals, partial sealing provided
by structural members and pressure added by outgassing of components.
This is discussed further in the chapter on material effects. It should
also be added that direct experimental data for pressures and densities
at large distance from the earth are meager at best.

2.1.2 Composition of the Earth's Atmosphere

A good example of inaccuracies appearing in reference
works is found in the recent history of the knowledge of the composition
of the earth's atmosphere at higher altitudes. This is because the need
for information, temporarily at least, exceeded the available experimental
facilities. In the last two years, two helium belts were found whose
existence was agfarently unsuspected at the time the Satellite Environ-
ment Handbook(8) and ASTM's Space Radiation Effects on Materials(7)
were prepared by some of the best authorities in the field.

2,1.2.1 Sea Level

As the situation stands at this writing, there is
no doubt about the nominal dry atmospheric composition at sea level
as shown in Table 2-2.(7) The standard atmosphere tables apply below
20 km; there is a proposed standard up to 32 km and a speculative
standard from 90 - 700 km.




It is in this region that recent discoveries of the
Explorer satellites have altered previous estimates. Explorer VIII
found a band of ionized helium starting at about 350 km and Explorer
XVII{10) found a band of neutral helium with density ranging from 60
million atoms/cm3 at 240 km to 1 million/cm?> at about 900 km.

Above the helium belt, hydrogen ions or protons
assume the most important role.

An interesting calculation of the composition of
air at exospheric altitudes is provided by Singer.(11)>:< Instead of giving
the composition with regard to altitude in kilometers, he uses the unit
r/R, where r is the level or altitude he is discussing, and R is the level
of the exospheric base (530 km). He assumes a temperature of 1500°K
throughout the exosphere. Singer arrives at the figures shown in

Table 2-3 - Distribution of Major Exospheric Components with Altitude(11)”

Altitude| Oxygen Hydrogen | Ionized Oxygen (O+)| Ionized Hydrogen (H+)
r/R (km) n/cm3 n/cm?3 n/cm3 n/cm?3
1.000 530 |4.0 x 107 104 9.0 x 105
1.010 600 |1.9 x 107 6.2 x 105
1.025 700 | 6.4 x 106 3.6 x 10°
1.050 870 |1.2 x 106 1.6 x 105
1.075 1040 |2.3 x 105 6.7 x 104
1.100 1220 |4.0x 104 | 6.3 x 103 3.1 x 104
1.125 1390 | 1.0 x 104 1.4 x 104
1.150 1560 |2.5 x 103 6.9 x 103
1.175 1730 | 6.4 x 102 3.5 x 103
1.200 1910 |1.6 x 102 | 4.2 x 103 1.8 x 103
1.250 .5 x 103
1.667 1.1 x 103
2.000 5.7 x 102 103
2.500 .7 % 102 5 x 102
3.333 1.1 x 102 2 x 102
5.000 3.5 x 10 70
10.000 6 10

P
The helium belts are not shown in this table, but data from Explorer satellites has

proven their existence.

>°‘Exosphere is defined as the region of the atmosphere from which
molecules may escape out into space rather than being forced back
by collisions with other molecules in the overlying atmospheres.

2-9
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Table 2-3(11) where concentrations are given in particles/cm3, by
using exosphere theory, normalized to satellite-drag for oxygen,
Lyman-alpha data for hydrogen, Alpert's electron density for ionized
oxygen, and radio whistler data for ionized hydrogen. He notes that
He, Het, He2*, 02%, 03" are not shown and predicts that they may be
found to be important. At the time he gave the lecture which was after-
wards expanded into the chapter of ''Space Sciences,'' the neutral and
ionized helium belts had not yet been found.

2.1.3 Atmospheric Temperatures

In order to understand the significance of the temperatures
out in space, one must remember that what is called temperature re-
presents the kinetic energy of the relatively few atoms in the vacuum of
space. Hence the total amount of heat energy is negligible. Heat transfer
is by radiation alone and not by convection or conduction. There is no
natural convection below 10~3 Torr. A body in space is seldom in
thermal equilibrium with its environment; the sun and other stars, the
moon, and the earth radiate heat to the body, but the body in turn radiates
heat to deep, dark space.

A calculation of the energy reaching a space capsule with
no internal heat source from space and being reirradiated, gives an
effective space capsule temperature of about 4°K (-454°F, 6° Rankine).
Cold walls (behind which run liquid nitrogen) with temperatures of about
-300°F are used(12) to duplicate these conditions in space chambers as
closely as economically feasible. Figure 2-5(8,11,13) ghows the kinetic
temperatures(S) in space to be 1000 - 1500°K.

2.1.4 Meteoroid and Micrometeoroid Hazards

A meteoroid is a solid body made of stone or iron, weigh-
ing over 1 gram and moving around the sun in highly eccentric circles.
There are so few meteoroids that the probability of a collision between
a space vehicle and one of these bodies is negligible.

Micrometeoroids, which weigh under 1 gram by definition,
may have created more of an impact on the imagination of semitechnical
writers than on spacecraft. These clouds of tiny dust particles, most of
them weighing less than a milligram, moving around in space at fantastic
speeds (faster than can be duplicated in the laboratory) can be more
easily visualized than some other properties. While they may be found
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anywhere in space, because of their cometary and asteroidal origin,
there appears to be a somewhat greater concentration along the earth's
path around the sun than elsewhere.

Until recently only indirect micrometeoroid measurements
were possible and as Whipple(14) points out, there have been changes in
micrometeoroid data and refinements of the impact formulas. Using the
best data available prior to that sent down by Explorer XVI, Whipple
recalculated the cumulative meteoroid impacts near the earth. His
1963 A" curve (Figure 2-6)(14,15) has been generally accepted as the
best estimate until the Explorer XVI data is analyzed. Preliminary
reports on Explorer XVI seem to indicate that the micrometeoroid
hazard is not quite as great as the 1963 A curve shows and that the
most optimistic estimate on the amount of shielding needed (Figure
2-7)(14) is also correct.

Some idea of the flux of micrometeoroids can be obtained
from the preliminary Explorer XVI data.(16,17) The microphones
heard 15,000 impacts on an area of 3.56 square feet in 7-1/2 months,
or 2.02 x 107° hits/meter?/sec. This is more than 2 orders of
magnitude lower than the 1963 A prediction. Only a few of these par-
ticles actually penetrated the skin of the gas sensors. These sensors
could register only the first penetration of each cell, but there were
enough untouched cells, so that statisticians can calculate penetration
probabilities with a high degree of certainty, at least for satellites
with the same orbit. There appears to be no evidence of serious
variation of flux of particles with time. Tables 2-4(15,16,17) ang
2-5(15) ghow the extent of micrometeorite penetration of the cells on
Explorer XVI,

2.1.5 Electromagnetic Radiation

The total solar electromagnetic energy, also known as
the solar constant, is defined as the rate at which energy is received
from the sun upon a unit surface perpendicular to the sun's rays above
the earth's atmosphere at its mean distance from the sun. It amounts
to 2,0 gram-cal/cmz/min, or, translated into other units, 2 pyrons or
140 milliwatts/cm?2,

Solar electromagnetic radiation can be divided into
X-rays (1.0 to 200 A), far ultraviolet (200 A to 2000 A), near ultraviolet




Table 2-4 - Micrometeorite Penetration on Explorer xvi(15,16,17)

No. of Cells
Material Total Area Penetrated
in 7-1/2 Months

Number of Thickness of
Cells Skin

100 1 Mil Beryllium Copper 10.625 ft? 44
40 2 Mil Beryllium Copper 4.250 11
20 5 Mil Beryllium Copper 2.125 0
32 1 Mil Stainless Steel 1.56 l 6 ‘
24 3 Mil Stainless Steel 2.07

4 6 Mil Stainless Steel 0.26 0
14 2 Mil Copper Wire 0.68 1
32 3 Mil Copper Wire 1.57 1

Table 2-5 - Micrometcorite Penetration Rate(l15)

Penetration Rate

: -3
Material Thickness (mils) | cm x 10 (No./m?/sec)

Beryllium copper 2.5 4.36 x 10-6
Beryllium copper 5.1 2.62 x 10-6
Stainless steel 2.5 2.23 x 10-6

(ZOOOA to 3800A or 4000 A*) (18) visible (from ultrviolet upper limit to
7000A or 0.7 micron), and infrared (0.7 micron to 7.0 microns).

Radiation of wavelength less than 2920 A(18) does not reach
the earth's surface, but is filtered out by the atmosphere near the earth.
It has already been mentioned in subsection 2.1.2 that UV of 1223 A wave-
length affects the composition of the ""D Region'' of the ionosphere. It
was also brought out that X- -rays ionize the air in the ''E Region'' and
that the helium II line at 340 A affects the "'F Region,"

*Handboo.k of Chemistry & Physics, 43rd Edition, p. 2802, sets UV limit
at 4000 A, ASTMSTP 330, p. 15, uses 3800 A instead. Others have set
the limit somewhat higher. This difference leads to substantial vari-
ations in percentage of solar energy in the UV range.
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Table 2-6 - Solar-Spectral - Irradiance Data(8)

" H) B 2 H, P " H, - Hy P,
(k) (w/emZu) (%) | (k) (w/cmZp) (%) (k) (w/em2u) (%) [(p) (w/cmZu) (%)
0.22 0.0030  0.02[0.395 0.120 8.54| 0.57 0.187  33.2 [1.9 0.01274 93.02
0.225 0.0042 0.03 | 0.40 0.154 9.03| 0.575 0.187  33.9 [2.0 0.01079 93.87
0.23 0.0052  0.05|0.405 0.188 9.65| 0.58 0.187  34.5 |2.1 0.00917 94.58
0.235 0.0054 0.07 | 0.41 0.194 10.3 | 0.585 0.185 35.2 |2.2 0.00785 95.20
0.24 0.0058  0.09 |0.415 0.192 11.0 | 0.59 0.184 35.9 [2.3 0.00676 95.71
0.245 0.0064  0.11 |0.42 0.192 11.7 | 0.595 0.183  36.5 |2.4 0.00585 96.18
0.25 0.0064  0.13]0.425 0.189 12.4 | 0.60 0.181  37.2 |2.5 0.00509 96.57
0.255 ' 0.010 0.16 | 0.43 0.178 13.0 | 0.61 0.177  38.4 [2.6 0.00445 96.90
0.26 0.013 0.20 | 0.435 0.182 13.7 | 0.62 0.174  39.7 [2.7 0.00390 97.21
0.265 0.020 0.27 | 0.44 0.203 14.4 | 0.63 0.170 40.9 |2.8 0.00343 97.47
0.27 0.025 0.34 | 0.445 0.215 15.1 | 0.64 0.166 42.1 [2.9 0.00303 97.72
0.275 0.022 0.43 | 0.45 0.220 15.9 | 0.65 0.162  43.3 |3.0 0.00268 97.90
0.28  0.024 0.51 | 0.455 0.219 16.7 | 0.66 0.159  44.5 |3.1 0.00230 98.08
0.285 0.034 0.62 | 0.46 0.216 17.5 | 0.67 0.155 45.6 [3.2 0.00214 98.24
0.29  0.052 0.77 | 0.465 0.215 18.2 | 0.68 0.151  46.7 [3.3 0.00191 98.39
0.295 0.063 0.98 | 0.47 0.217 19.0 | 0.69 0.148 47.8 [3.4 0.00171 98.52
0.30  0.061 1.23|0.475 0.220 19.8 | 0.70 0.144 48.8 [3.5 0.00153 98.63
0.305 0.067 1.43 | 0.48 0.216 20.6 | 0.71 0.141 49.8 |3.6 0.00139 98.74
0.31 0.076 1.69 [0.485 0.203 21.3 | 0.72 0.137 50.8 [3.7 0.00125 98.83
0.315 0.082 1.97 | 0.49 0.199 22.0 | 0.73 0.134 51.8 |3.8 0.00114 98.91
0.32  0.085 2.26 |0.495 0.204 22.8 | 0.74 0.130 52.7 |3.9 0.00103 98.99
0.325 0.102 2.60 | 0.50 0.198 23,5 | 0.75 0.127  53.7 |4.0 0.00095 99.05
0.33 0.115 3,02 [0.505 0.197 24.2 | 0.80 0.1127 57.9 |4.1 0.00087 99.13
0.335 0.111 3.40 | 0.51 0.196 24.9 | 0.85 0.1003 61.7 |4.2 0.00080 99.18
0.34 0.111 3.80 |0.515 0.189 25.6 | 0.90 0.895 65.1 |4.3 0.00073 99.23
0.345 0.117 4.21 | 0.52 0.187 26.3 | 0.95 0.0803 68.1 [4.4 0.00067 99.29
0.35 0.118 4.63)0.525 0.192 26.9 | 1.0 0.0725 70.9 [4.5 0.00061 99.33
0.355 0.116 5.04 | 0.53 0.195 27.6 | 1.1 0.0606 75.7 |4.6 0.00056 99.38
0.36 0.116 5.47 | 0.535 0.197 28.3 | 1.2 0.0501 79.6 [4.7 0.00051 99.41
0.365 0.129 5.89 [ 0.54 0.198 29.0 | 1.3 0.0406 82.9 |4.8 0.00048 99.45
0.37 0.133 6.36 |0.545 0.198 29.8 | 1.4 0.0328 85.5 [4.9 0.00044 99.48
0.375 0.132 6.84 | 0.55 0.195 30.5 | 1.5 0.0267 87.6 |5.0 0.00042 99.51
0.38 0.123 7.29 |0.555 0.192 31.2 | 1.6 0.0220 89.4 [6.0 0.00021 99.74
0.385 0.115 7.72 | 0.56 0.190 31.8 | 1.7 0.0182 90.83[7.0 0.00012 99.86
0.39 0.112 8.13(0.565 0,189 32.5 | 1.8 0.0152 92.03

A\ is wavelength; H, is spectral irradiance; and P, is the percentage of the solar constant
associated with wavelengths shorter than \.
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Table 2-6(8) gives the spectrum of the solar radiation
above the earth's atmosphere. Wavelength is given in microns (a
micron is one millionth of a meter or 10,000 Angstrom units). It can
be seen that about 40 percent of the solar electromagnetic energy is
in the visible range; about 50 percent in the infrared.

From the viewpoint of possible damage to materials used
in space vehicles operating within 30,000 miles of earth, electro-
magnetic radiation from sources other than our own sun appears to be
negligible.

2.1.6 Space Radiation

In this section only a simple summary of the Van Allen
and Starfish Belts will be given and the ionizing radiation associated
with solar flares will be discussed briefly. A more theoretical approach
to the study of the Van Allen and Starfish Belts is found in Appendix A.

2.1.6.1 Van Allen Belts

The discovery of the Van Allen Belt was one of
the more significant achievements of the International Geophysical Year.
It consists of a vast belt of magnetically trapped electrons and protons
surrounding the earth, centered above the earth's geomagnetic equator.
Because this radiation is a belt, and not a spherical envelope, satellites
in the so-called polar orbit are not seriously affected by it.

The Van Allen Belt extends from an altitude of
about 375 km above the earth to a height about 1/5 of the way to the
moon. The outer limit is so affected by solar winds and other phenomena
that it can be anywhere from about 65,000 km to 90,000 km altitude.
Formerly this belt was thought to be two separate belts, but more re-
cent figures indicate that the separation is not as clear as originally
thought. The inner portion of the belt consists mainly of protons and
the outer portion consists mainly of electrons. Quantitative flux data are
found in the appendix.

These protons and electrons interact with some
materials to do serious damage to the material properties. They act in
a manner analogous to the gamma part of radiation from a nuclear
reactor, i.e., by action on the orbital electrons of the atom, causing
ionization. (Protons can also cause displacements from the crystal
lattice, but the extent of this type of action in the Van Allen Belt need

2-16




not cause alarm except for solar cells and possibly transistors.) For
this reason, when testing material in a laboratory to find out how it will
react to ionizing radiation in the Van Allen Belt, the best simulation
would be found in the use of a gamma source in a vacuum with chamber
walls at a cryogenic temperature, an obviously expensive method.
Naturally, if the space vehicle orbiting in the Van Allen Belt is powered
with a nuclear power source, for instance SNAP-8, then the vehicle's
environment is modified from the natural environment and simulated
test conditions must be altered to match. Radiation eminating from the
reactor would be the dominant damaging source and the space radiation
could be forgotten.

Estimates on the amount of radiation in the Van
Allen Belt have been subject to change as the hundreds of millions of
bits of information from each new rocket and satellite are reduced to
significant equations and curves.(19)

The data in Appendix A is based on findings
published up to about August 1963, and concludes that in the worst
case (equatorial orbit at 10 to 20 x 103 km altitude) the exposure rate
on the surface of a spacecraft would be 9 x 105 rads/hour. Inside the
vehicle the dose will be reduced considerably. With shielding equivalent
to 1 gm/cm2 aluminum (a thickness of 0.37 inch), the worst will be 80
rads/hour at 2 to 9 x 103 km altitude. The published literature on this
subject shows such a divergence of opinion and so little detail on the
calculations and assumptions leading to the exposure dose quoted that
it was felt necessary to do the calculations ourselves. Appendix A
shows the calculations and the basis for them.

2.1.6.2 Starfish Belt

Starfish, the artificial radiation belt brought into
being by the Starfish high altitude nuclear test over Johnson Island in
July 1962, is slowly disappearing. At its worst, it resembled the Van
Allen Belt in intensity except that it consists solely of electrons.
Figure 2-8(20) shows the intensities as measured by Explorer XV,

Starfish has been blamed for the failure of
Telstar I (transistor failure), Traac and Ariel (damaged solar cells).(ZI)
The transitor failure was probably due to surface damage caused by
ionization; the solar cells appear to have suffered bulk damage.
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Figure 2-8 - Explorer XV Orbit Through the Starfish
Artificial Radiation, July 9, 1962(20)

At the rate this artificial radiation belt is
disappearing it may last another 30 years. Electrons having altitudes
below 500 km are decaying in periods of weeks to months. There has
been some decrease at an altitude of 3 earth radii.(22) However,

Wilmot He..(23) of Goddard Space Flight Center has suggested informally
that it is possible that the events of the next solar cycle may speed up

the process and that the Starfish artificial belt will no longer be a hazard
ten years from now.

2.1.6.3 Solar Flare

Workers from various fields have given this
phenomena many names. From the view point of possible damage to
the electron tube, ''solar proton event'' may be the most descriptive;
""polar cap absorption event'' (PCA) describes one aspect of the phe-
nomena; ''solar cosmic-ray event'' is another name for the same thing.

Figure 2-9(24) ghows the development of a typical
solar flare. A relative time scale is shown because of the wide disparity
between events. The flare starts out near a previously observed sun
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Figure 2-9 - Development of a Solar Flare(24)
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Figure 2-10 - Distribution of Cosmic Ray Events Detected at Sea Level
as a Function of the Solar Cycle(u’)




spot; there is a sudden flare of light accompanied by solar radio
emission. The lower frequency radio emission lasts some hours
longer than the high frequency. As the visible flare is dying down the
solar proton intensity starts to increase, reaching a high some hours
after the beginning of the phenomena. Some particles may persist for
periods of 10 to 12 days.

These protons are high energy particles whose
flux density may be as high as 106/cm2-sec for protons of 20 mev to
500 mev, although 104/cm2-sec is more typical even of large flares.
There may be an accompanying electron flux of 106 or 107 electrons/
cmZ-sec (50 Kev). This should be compared with Van Allen Belt flux
densities shown in Appendix A. It can be seen that 107 electrons/cm?-
sec is 2 orders of magnitude worse than the highest part of the high
energy proton curve in Figure A-1. However, the short duration of the
solar proton event means that the total dosage will be about 105 rads
or less.(25) This is especially important in the case of manned vehicles
and of significance in the selection of organic dielectrics and semi-
conductor components.

The solar cycle has an l11-year activity cycle as
shown in Figure 2-10.(26) There appears to be a tendency for flares
with large high-energy-particle flux to occur during a period of increase
or decrease of sun spot activity rather than at the maximum. Malitson
and Webber(27) in their listing of major events during the period 1956 -
1961 show that class 3 and 3+ events occurred on the dates shown in
Table 2-7,%(27)

2.1.6.3.1 Apollo Space Radiation Warning
System - Travel during times of solar flare activity can be avoided by
recognizing three warning phenomena.(zs)

(1) Large solar proton events tend to occur in groups of
two or more, spaced a day or so apart. Allowing two
days for radiation to decrease, this would mean that
missions would not be launched the week after first
sighting a solar flare.

;The importance of a flare increases with class number from Class 1-
to 3+. The latter has an area approaching 5/1000- of the visible solar
hemisphere.
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Table 2-7 - Major Proton Events(27)

Date

Class 3

Class 3+

February 23, 1956
August 31, 1956
January 20, 1957

X

July 3, 1957
August 29-31, 1957 (Uncertain)
October 20, 1957

March 23, 1958
July 7, 1958
August 16, 1958

August 22, 1958
August 26, 1958
May 10, 1959

July 10, 1959
July 14, 1959
July 16, 1959

April 1, 1960
April 28, 1960
May 6, 1960 (Uncertain)

September 3, 1960
November 12, 1960
November 15, 1960

November 20, 1960
July 11, 1961
July 12, 1961

July 18, 1961
July 20, 1961
September 28, 1961
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(2) Hydrogen alpha enhancement is the first sign of
a flare.

(3) Microwave activity increase occurs very shortly
thereafter with proton flux becoming noticeable not
less than an hour later and building up to a maximum
in an appreciable length of time. (This is also shown
in Figure 2-9.)

The Apollo Space Radiation Warning System will
predict these proton events by advance monitoring. This warning system
is based on solar telescopes with H filters and microwave detection
systems with manual and automatic readouts as well as systems for
sending data from a number of stations in various parts of the world to
the Manned Space Vehicle Center near Houston.

In the several years before Apollo is launched,
it is hoped that analysis of data in proton events will make possible
more than an hour's notice for future events. This monitoring will use
the three clear channels (at 1400 - 1427 megacycles, 2690 - 2700 mega-
cycles, and 4990 - 5000 megacycles) being established by international
arrangements.

With an hour's warning, it is possible to shield
astronauts on manned vehicles, and remote control equipment on
unmanned vehicles, by making some physical rearrangement on board
the vehicle to protect the most sensitive components. For instance,
shutters or louvers could be lowered to shield an electronic ''black box."
Some protection can be afforded by turning off power in those cases
where transistors are more radiation sensitive in biased condition than
unbiased. This may mean that such components will be inoperable until
original arrangements are restored.

2.1.6.3.2 Radiation Damage on Interplanetary
Missions and Deep Space Probes - High thrust launch vehicles, can
go through the Van Allen Belt so fast that Van Allen and Starfish Belt

radiation is of minor consequence compared to the damage done by a
class 3 or 3+ solar flare.

A low thrust vehicle launched along an equatorial
trajectory will need some shielding because of the high total dosage
from the long stay in the Van Allen Belts and will thus be adequately
protected against solar flare and galactic radiation.
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2.1.6.4 New Radiation Zone

Very recent news items(30,31) report that
sensors aboard the Interplanetary Monitoring Probe (IMP), launched
into orbit between 120 and 122,800 miles from Cape Kennedy on
November 26, 1963, have detected an extensive region of high energy
radiation beyond the previously known reaches of the earth's radiation
belts. The hitherto unknown energy zone appears to fan out beyond the
Van Allen Belts on either side of the earth and to trail aft in a kind of
"'wake'' in the direction away from the sun. Indications are that the flux
in this new zone of radiation is probably too low to cause serious con-
cern to space travelers.

2.1.6.5 SEuttering

Sputtering consists of bombarding surfaces with
high energy ionized gases, with the result that the ions knock atoms out
of the surface and into space. This technique is used on earth to coat
a second surface and is frequently confused with true vacuum evaporation
techniques,.

McKeown,(32) reporting on research carried out
at General Dynamics/Astronautics under auspices of Office of Naval
Research and USAF, Cambridge Research Laboratories and USAF Space
Systems Division, reported that the erosion due to sputtering on a gold
surface in the upper atmosphere amounts to between 40 and 110 Alyear.
This is based on measurements on Discoverers XXVI and XXXII. Gold
was chosen because it has one of the highest sputtering rates of any
element. One Angstrom unit is 3.9 x 10~? inch or 0.004 microinch.
These figures would seem to indicate that one would not expect any
appreciable surface roughening as a result of sputtering.

21T Majnetic Field

Johnson and Webb,(33) in discussing Mariner II results
state that the interplanetary magnetic field is much more irregular than
was generally anticipated. The average field in the vicinity of the earth's
orbit was observed to be about 5y (ly equals 10-5 gauss).

A highly detailed description of field intensity and magnetic
shell parameter around the earth itself, based on computer calculations,
was prepared by General Electric's Technical Military Planning
Operation.(:"4 It shows, for instance, that at sea level the constant
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magnetic field intensity in the region of the South Atlantic Anomaly is
as low as 0.24 at the center; at 800 km the intensity is down to 0.18; at
2000 km there is a large area inside the 0.15 line. Figure A-4 gives
additional data.

2.1.8 Lunar and Other Planetary Atmospheres

2.1.8.1 The Moon

The atmospheric pressure has been estimated as
being about 3 orders of magnitude greater than that of outer space(35)
and may consist principally of hydrogen(36) which reached the moon as
a stream of protons from the sun and was trapped in the lunar surface
lattice. A number of authors have postulated that the landing of a vehicle
on the moon might raise a cloud of dust which could interfere with the
operation of sensitive instrumentation and electronic gear. The lunar
surface temperature at the lunar equator varies from 389°K to 122°K.(37)

2.1.8.2 Venus

Mariner II resolved some of the questions regard-
ing the atmosphere surrounding Venus. The surface temperature is not
only hot, 700°K, but dry and hostile to terrestrial life.(38) Venus is
covered by cold dense clouds, the atmosphere above which contains little
if any carbon dioxide although the clouds are known to have a substantial
CO, concentration.(39) Mariner II also determined that Venus does not
have the high density electron ionosphere some scientists have suggested.

2.1.8.3 Mars

The probable composition of the Martian atmos-
phere according to Raso0l(40) is shown in Table 2-8. (M-atm is the
thickness of a homogenous atmosphere in meters at 0°C and 760 mm.)
The approximate temperature at the surface may vary from 200°K to
300°K, go down somewhat and up again as the altitude increases as
shown in Figure 2-11,(41)

2.1.8.4 Jugiter

The atmosphere of Jupiter is still subject to
question. Methane and ammonia have been detected spectroscopically;
hydrogen has recently been found and it seems reasonable to believe
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Table 2-8 - Possible Martian Atmosphere(4°)

Gas Amount, M-atm | % Volume
Nitrogen About 1675 95.0
Argon About 50 2.5
Carbon Dioxide About 35 2.0
Oxygen <2.4 <0.15
Water <2x10-3g/cm?

P-2043

Table 2-9 - Possible Composition of Jovian Atmosphere(‘m)

Gas %
Helium 97.2
Hydrogen 2.3
Neon 0.39
Methane 0.063
Argon 0.064 o
Ammonia 0.0029 §
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Figure 2-11 - Mars Model Atmosphere(41)
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that helium exists in substantial amounts. Spik, as quoted by Rasool,(40)
proposes the composition shown in Table 2-9. The temperature is
probably very low and there may be Van Allen type belts around Jupiter.

2.2 MODIFICATION OF SPACE ENVIRONMENT BY
THE VEHICLE

2.2,1 Temperature and Pressure

In almost all satellites and space vehicles, if not all of
them, there is some region on the inside which never reaches thermal
temperature equilibrium with the outside. Thermal control coatings on
the outside, heat producing instrumentation and power sources inside,
gas jets to correct the direction the vehicle is moving, special heaters
and coolers all modify the environment seen by the various components.
These heaters and coolers are used to keep electronic gear and instru-
mentation, etc., within their operating temperature ranges. In manned
vehicles, of course, the astronaut must also be provided with a temper-
ature ambient in which he can operate efficiently.

In calculating temperatures at various parts of the vehicle,
the presence of a large store of liquified gases will be found to have a
very significant cooling effect.

Since heat dissipation in a vacuum is by radiation only and
not conduction or convection, one would expect more local "hot spots"
in orbiting space vehicles than on earth. This situation is one of the
factors which has led to 'thermal-vacuum'' test requirements for
electronic ''black boxes."

The pressure, too, may vary widely from the outside
pressure. Conservative design calls for much hermetic sealing of
moving parts, electronic packa&es and, of course, the astronaut.
Studies of labyrinth seals show that it is frequently possible to design
bearings, for instance, where the balls may never see a pressure below
104 Torr. In many cases partial seals have been provided unintentionally
by other requirements. In other cases, outgassing from some part has
raised the pressure in its vicinity.

2.2.2 Micrometeoroids and Electromagnetic Radiation

While the outside of the vehicle will be exposed to the
hazards of micrometeoroids and short ultraviolet rays, both hazards
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are readily shielded so that they provide no problem to somewhat sheltered
components. Explorer XVI indicated that only a few mils material thick-
ness protects against the dust particles of space. It is well known that of
the commonly used tube materials, quartz is the principal one which is
transparent to UV,

2.2.3 Nuclear Power Source

As has been mentioned in the introduction, the problem of
providing adequate power to run all the equipment and instruments which
one would like to put on satellites and space vehicles has led to a number
of studies on the possibility of using nuclear power. At present nuclear
power is the only source known to be feasible where more than 10 kw is
required. SNAP-8 is one of the proposed power packages on which a
good deal of preliminary design work has been done. It is scheduled to
fly prior to 1970 and appears to be the best power source where there
is a long term need for high power; as in direct television and other
communication equipment on an exploring vehicle. The advantages of
nuclear power over solar cells increase as one travels farther from the
sun, because the decrease in solar constant reduces the power output of
solar cells.

The SNAP-8 system is now estimated to weigh over 3500
pounds or slightly over 100 pounds/kilowatt electrical.(42) The shield-
ing specifications have been increased substantially over earlier figures,
which provided a total exposure of 1013 nvt and 106 rads (one year
mission). This new specification (1012 nvt and 106 rads) qualifies a
number of electronic components, especially diodes and transistors,
which were formerly banned from nuclear powered vehicles solely
because of inadequate radiation resistance. Whether the continuing
developments in the way of more radiation-resistant wire insulation,
transistors, electron tubes, lubricants, etc., will bring about another
change in specifications within the next two years is unpredictable.
However, considerable concern is being expressed over the additional
shielding weight; and trade off studies of later versions of nuclear
powered space vehicles are very likely to show advantages of radiation
hardening of circuitry over the heavier shielding, leading to changes in
specifications.

Because of this and because it may be necessary to place
a traveling wave tube with serious heat dissipation problems some
distance from the rest of the electronic packages, the figures of 1012
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nvt (fast neutrons) and 106 rads (gamma radiation) are being taken as
minimum, rather than maximum, values of radiation from a nuclear
power source.

Figure 2-12(43) shows how radiation levels fall off with
distance in unshielded environments.

Figure A-7 shows the effect which 1 g/cm?2 aluminum
shielding has on space radiation. Similar calculations are made for
the effect of shields in reactors. Because of the interest in the SNAPs
comparisons have also been made on shielding capability versus weight
and volume for many materials other than aluminum. Figure 2-13(44)
shows shielding calculations using lithium hydride shields. When heavy
shielding is considered for nuclear powered vehicles, good design
practice calls for taking advantage of its structural properties like
tensile strength, compressive strength, hardness, etc.

2.3 ADDITIONAL ENVIRONMENTS

Several environments, which are neither the space environment
nor the modification discussed in the previous section, enter into the
materials feasibility study. They are:

(1) Earth-bound test conditions
(2) Storage and transportation prior to launch
(3) Sterilization requirements

(4) Launch conditions

2.3.1 Earth-Bound Test Conditions

Environmental tests are limited by an interesting
restriction; that the material or component remain in a condition where
its change in properties can be determined either during or after ex-
posure to the simulated alien environment. This places some harsh
restriction on nuclear radiation testing. If the material or component
is ""hot'' for some time after the irradiation and must be handled by
remote control, obviously, it becomes difficult and costly, or even
sometimes impossible, to perform the desired post-irradiation tests.

The need for extreme reliability has led to considerable
testing of each component or subsystem before it goes aloft, rather than
the testing of an occasional sample or an equivalent unit, which would
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be scrapped after test. An appreciable part of the lifetime of a unit
can be expended during test.

Tests are seldom performed in the combined environment
found in space, because of the high cost and complexity of such an
operation. Instead one or two environmental elements are provided at
a time and, as a result, it is possible to miss some synergistic effect
of various combinations.

Vacuum testing itself seldom duplicates the vacuum which
the part will actually experience. In most cases of actual operation the
pressure will go from sea level ambient to 107 Torr or less in a few
minutes, except in sealed or partially sealed parts of the vehicle. It is
only in the last few years that ultrahigh vacuum equipment (10-8 Torr
or better) has been available with rapid pumpdown. Even now, there
are very few test chambers (bell jar size or larger) which can reach
10-11, 1f slow reduction in pressure is used it is possible that some
of the smaller molecules would have time to interact, unlike in space.
Also, since vacuum chambers are finite in size, any of the molecules
which outgas will find a wall to bounce against, a situation which is not
present on the surface of a space vehicle, although it occurs inside of
course. This is primarily a problem with lighter molecules; molecules
of higher weight and boiling point will condense on the surface of the
wall and remain there.

Much valuable information has been obtained by testing in
a combination of the anticipated temperature and pressure. Subsequent
sections will show clearly why thermal vacuum tests are almost always
included in specifications for testing spacecraft components.

Potentially valuable information from radiation-vacuum
and radiation-temperature tests is not as available as thermal-vacuum.
The testing which has been done has shown that the combination of
environmental elements is better in some cases, and worse in others
than either element separately. There is no doubt that the test environ-
ment may differ from the actual space environment, but by careful
planning, tests can be performed which will result in the gathering of
invaluable data.

2:3.2 Stora&e Conditions

For some time prior to launch the spacecraft will undergo
fabrication and be stored on earth, and subjected to its atmosphere.
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Electron tube manufacturers are well aware of the need for environ-
mental control during fabrication of these devices. The nominal
atmospheric composition shown in Table 2-2 of Section 2 is modified

by a great deal of water vapor and salt at Cape Kennedy, and thus pro-
vides a corrosive atmosphere during storage and prelaunch. In addition
to these corrosive effects of sea coast and industrial atmospheres, there
are also serious abrasive effects of dust and sand.

A further modification of environment may be provided by
the rest of the vehicle. Where there is heat conduction and convection,
the temperature of a given part may be altered by the sun's beating down
on the craft, or by the storage of liquified gases, the latter, possibly for
only a short term exposure.

2.3.3 Sterilization

2.3.3.1 Introduction

At present it is definitely planned to sterilize all
vehicles going to Mars, or passing so close to that planet as to make an
accidental crash landing possible. There are obvious sound scientific
and political reasons for not contaminating this planet with earth
organisms which would interfere with observations of the intrinsic
nature of Mars and possibly upset the balance of this nature.

The feasibility of sterilizing lunar vehicles has
not been completely settled. It seems probable that there were some
live earth organisms on both Lunik II and Ranger IV despite sterilization
procedures.(45) Whether such organisms could live, grow and reproduce
on the moon is doubtful, because of hostile conditions there. Nevertheless
the moon should not be contaminated to the extent that life scientists will
be unable to determine whether organic structures found on the moon are
native to it or were brought by earlier lunar vehicles. It has been
calculated that the total weight of viable organisms should be kept below
0.01 gram per flight,

It seems highly improbable that there is danger
of microbiological contamination of Venus. The surface is too hot and
there is no indication that micro-organisms can multiply in the Venusian
atmosphere.
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2.3.3.2 Methods of Sterilization

2.3.3.2.1 In-Flight Sterilization - A number of
methods have been suggested, all having some serious disadvantages.
The first group takes advantage of some feature of the flight. While
these methods would, singly or together, kill a number of the organisms,
they are not sufficiently effective to render the spacecraft sterile.
Ablation, as the vehicle enters a planetary atmosphere and impact, as
it hits the surface of the plant, will not produce a total kill. The vacuum
of space has been shown ineffective also. 46) The ultraviolet rays will
kill a good proportion of the micro-organisms on the surface, but will
not reach the interior of the craft. Cosmic rays (1 rad/year) and solar
flares (102 to 104 rads through shielding) are both inadequate for
sterilization. If the space craft spent 10 hours going through the Van
Allen Belt, it might receive enough radiation to sterilize the surface;
but once again, the shielding would prevent a substantial kill on the
inside.*

In short, sterilization by launch or in flight seems
unlikely. As a matter of fact one could postulate ''contamination by
launch'' instead. While the craft is on the launching pad, it is in contact
with unsterile launching support equipment and with air which may
contain 1000 organisms per cubic foot.(45)

2.3.3.2.2 Pre-Flight Sterilization - It seems
probable that the procedure finally settled upon will have to be

(1) special sterilization environment at some pre-launch
period, or

(2) completely aseptic fabrication and transport, or

(3) a combination of these factors.

Such sterilization could consist of heat, ionizing radiation, fumigation,
or immersion in an antiseptic liquid. These, too, present serious
problems. The heat will damage the electronics; the radiation (at least
1.2 x 107 rads required) will damage plastics and optical properties of
glass, even the more resistant ones scheduled for use in Surveyor. The

*Jaffe(45) who quotes this calculation says that the 10 hours will give a
dosage of 107 rads; however his figure seems very high, since much of
the 10 hours would be spent in the milder parts of the Van Allen Belt.
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gases, of which ethylene oxide has gotten the most attention, are not
proven sterilants and are known to damage some plastics. Liquids are
likely to degrade electrical properties of connectors, just as an example.

The completely sterile assembly of an entire
spacecraft and keeping it free from contamination after assembly seems
to present insurmountable difficulties. However, it is possible that those
components which are made under clean-room conditions now, could be
fabricated in ''clean and sterile'' rooms and packaged to prevent con-
tamination during shipping. This type of preventive treatment would be
valuable in the cases where the component has a hard-to-reach interior
location, or would be ruined by sterilization procedure. The post-
assembly sterilization step might possibly be of a milder nature, if this
were done.

2.3.3.3 Effect of Sterilization on Electron Tubes

Since it appears that the electron tube will have
to endure high temperatures during its operating life and be made of
radiation resistant materials to withstand the Van Allen Belt or a
nuclear power source, neither heat or radiation sterilization procedures
appear to provide serious additional hazards. Sterile fabrication pro-
cedures would require upgrading of present clean-room conditions.

The most probable gaseous and liquid sterilants
would not affect a sealed inorganic tube itself, but might react with
associated organic coatings, potting compounds and wire insulation.




SECTION 3
EFFECT OF ENVIRONMENT ON MATERIALS

3.1 INTRODUCTION

In this section the effects of natural and modified space environ-
ments on electron tube materials will be covered. As a guide to de-
signers of space-oriented tubes, two tabulations of relative acceptability
for selected tube materials have been prepared. Table 3-1 rates
various materials for use in a space environment with a conventional
power source vehicle. Table 3-2 similarly rates tube materials for
use in a space environment modified by a nuclear power source. These
two tables summarize the results of the balance of Section 3 where the
test conditions under which these data were obtained are presented in
detail, The designer should refer to these later sections to determine
compatability with his particular situation. These tables tend to dis-
courage the use of some materials which have been approved elsewhere
for space use because of somewhat more severe criteria used here.
Specifically, it is assumed here that

(1) The parts must first pass a complete and rigorous
testing procedure on earth using equipment now
available.

(2) The mission will be lengthy and the target is a 10,000
hour lifetime, or better.

(3) A large and powerful electron tube may not be given
as favorable a location in a spacecraft as some other
electronic components because of the greater amount
of heat generated by it and because it can be built to
withstand more severe conditions.

3.2 REMARKS RELATIVE TO MATERIALS EFFECTS DATA

Not all the information sought has been published; some is not
published for proprietary reasons while in other cases the tests simply
have not been performed. Very little data on material effects is classi-
fied, but of the available data, some is of questionable validity. There
are, unfortunately, no ASTM or standard reliable test procedures




Table 3-1 - Relative Acceptability of Selected Tube Materials
(and Components for Associated Circuitry) Based on Ability
to Withstand Space Environment (Conventional Power Source)

ENVIRONMENTAL ELEMENTS MOST LIKELY
MATERIAL TO CAUSE FAILURE OR OTHER
APPLICABLE CONSIDERATION

Generally Acceptable

Refractory metals - tungsten, molybdenum,etc.

High temperature alloys - stainless steel

Ceramic (used as rigid structures) - Vibration at launch, thermal shock (particularly seals)

aluminum oxide

Platinum Combined vacuum and temp. over about 1200°C

Gold Combined vacuum and temp. over about 800°C

Copper Combined vacuum and temp. over about 800°C

Silver Combined vacuum and temp. over about 600°C

Inorganic wire insulation Temperatures over 540°C

Quartz Vibration at launch. Micrometeoroids (optical
properties)

Conditionally Acceptabl

Require careful evaluation with regard to specific type, design specifications, tube fabrication
techniques, etc. In many cases environmental testing is required before specific recommaendation can
be made. These are used in space vehicles like Surveyor and Telstar, but with some protection,

Glasses High temperatures (depends on use), thermal shock
vibration. Space radiation of 108 or 108 rads de-
pending on governing failure criteria, even for cerium
containing.

Fluorocarbons High temperatures (150°C to 250°C depending on parti-
cular fluorocarbon). Space radiation over | to 8 x 106
rads (excellent vacuum and cryogenic properties).

Polyimide (Pyre-ML, H film, Polymer S-P) Temperatures over 220°C (Pyre-ML) to over 350°C
(S-P). Possibly long term vacuum.

Special polyolefins (specially irradiated Temperatures over 100°C-200°C (depending on type

polyolefine, polysthylene) and use), vacuum. Cryogenic temperatures.

Tantalum capacitors Restriction - may not have silicone seals, contain paper
or other materials which gas or evaporate in vacuum.

Specially selected or radiation hardened Space radiation. Temperatures above 150°C. Heat steri-

transistors and diodes (Examples: ZN744, lization. (No one manufacturer invariably makes more

2ZN705, 2N1406, 2N797). radiation tolerant devices than any other. Some will, on

special order, make transistors and diodes which are

more radiation resistant than equivalent commercial units.)
The examples given here are not necessarily the best
available, but have been picked at random from a group
which gave good results with respect to surface damage
when subjected to ionizing radiation.

Generally Unacceptable for Use in Space Environment

May be superior to above listed for other envir and diti

Most wire insulation (some exceptions Vacuum, high or low temperatures, space radiation,

shown above) sterilisation.

Most potting compounds (some excep- Vacuum, high or low temperatures, space radiation,

tions shown above) sterilization.

Most paints Vacuum, high temperature, space radiation, ultraviolet.

Cadmium and zinc Vacuum, (brass may also be banned because of danger of
denzincification).

Paper capacitors - foil capacitors with Vacuum

plastic end seals

Most transistors and diodes (Examples: Space radiation. Temperatures above 125°C or 150°C

2N930, ZN1908, 2N1653) (radiation data based on limited number of tests). 3
Sterilization. s




Table 3-2 - Relative Acceptability of Selected Tube Materials (and Components
for Associated Circuitry) Based on Ability to Withstand Space Environment

which has been Modified by Nuclear Power Source

MATERIAL

ENVIRONMENTAL ELEMENTS MOST LIKELY TO
CAUSE FAILURE OR OTHER FACTORS WHICH
MAKE IT LESS ACCEPTABLE

Generally Acceptable

Refractory metals - tungsten, molybdenum,etc.

Ceramics (except boron and cobalt containing)

High temperature alloys (except boron and
cobalt containing)

Platinum

Gold

Copper

Silver

Inorganic wire insulation

Quartz

Cobalt probably acceptable where induced radio-
activity is no problem.

Combined vacuum and temp. over about 1200°C

Combined vacuum and temp. over about 800°C
Combined vacuum and temp. over about 800°C
Combined vacuum and temp. over about 600°C
Temperature over 540°C

Vibration, micrometeoroids.

Conditionally Acceptable

techniques, criteria of failures, etc.
recommendation can be made.

Glasses

Polyimides

Special polyolefines (specially irradiated
polyolefines, polyethylene)

Tantalum capacitors with hermetic glass
seals

Specially selected or radiation hardened
transistors and diodes

Require careful evaluation with regard to specific type, design specifications, shielding, fabrication
In many cases environmental testing is required before specific
Some of these will be used in SNAP-8, with protection.

Radiation, high temperature.

Temperatures over 220°C-350°C depending on type.
Possibly long term vacuum.

Extreme temperature, vacuum.

*
Generally Unacceptable

Fluorocarbons
Boron-containing materials

Cobalt-containing materials which will be
subjected to nuclear reactor tests

Most wire insulation and potting compounds

Most transistors and diodes

Most paints

Cadmium and zinc

Radiation
Thermal neutrons

Induced radioactivity severely limits post-test
examination.

Radiation, vacuum, temperature.
Radiation, and temperature.

Radiation, vacuum, temperature.

Vacuum, and temperature.

l.lGenex'Ally unacceptable materials may be excellent for some other environment, however, the
amount of shielding and sealing required for protection in combined space and nuclear power

source environment is probably so high that it is almost always wiser to substitute a material
from the generally or conditionally acceptable lists.
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available for determining characteristics of a material under exotic
conditions. One worker will report results which are 1 to 3 orders of
magnitude different from the results obtained in another laboratory.
Analysis of these differences in test results has shown six main cate-
gories of possible causes for discrepancies.

(1) Criteria of Failure - The terms 'threshold,'" "moderate,"
and ''severe'' damage have only the meaning assigned by the investigator.
Further, one worker is concerned about changes in tensile strength and
other physical properties, while another tests electrical properties
under radiation, vacuum, or extreme temperature conditions.

(2) Identification of Material - In the case of plastics, elastomers,
and especially ceramics, generic names, such as epoxy or phenolic,
cover materials which vary widely in starting materials, additives, and
processing conditions. Also, much of the manufacturing process may
be proprietary. Unbiased testing groups tend to avoid trade names in
their scientific papers in order to obviate legal problems and the
appearance of advertising. The identification problem is less severe
with metals,

Manufacturers of components such as transistors and capaci-
tors, ordinarily are not required to report changes of fabrication pro-
cedures which will affect performance of their products under extreme
conditions. The same part number may be applied to two or more
components which are much alike in electrical properties under normal
earth-bound conditions, but perform quite differently under radiation
or vacuum,

(3) Surface Conditions - In the last few years there has been
fairly general understanding that a clean-looking surface may have
oxide coatings, adsorbed gases, or other coatings which affect the
evaporation rate, friction, etc.

(4) Improper Measurements - Problems of this type include:
accurate dosimetry for radiation tests, true measurement of pressure
at the critical spot in bell jar vacuum tests, location of the significant
area for the thermocouple in friction and wear tests at elevated temper-
atures, and severe temperature and pressure gradients under extreme
conditions and with complex shapes.
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(5) Improper Test Conditions - This problem applies particularly
to radiation and vacuum tests. In nuclear radiation tests, there is
misunderstanding of the difference in damage caused by fast neutrons,
thermal neutrons, protons, electrons, and gammas. In vacuum tests,
there is misunderstanding of the difference in material behavior at
high and ultrahigh vacuum or even of the fact that '"high' vacuum is not
comparable to the vacuum of space. Fortunately, recent data specify
test conditions more adequately than some earlier papers did.

(6) Combined Conditions - '"Adding'' room temperature radiation
tests to simple high temperature tests is seldom adequate for predicting
how a material will behave under the combined conditions.

Moderately high temperature can '""anneal out' radiation
induced defects (epoxy glass laminates and some alloys, for instance).
In other cases elevated temperature causes liquefaction or evaporation
of the transmutation products from radiation, giving a '""'multiplicative"
rather than additive effect to the deterioration of the material.

The combination of vacuum and nuclear radiation is frequently
worse than either separately, but in the case of Teflon the absence of
oxygen to catalize the radiation induced reaction makes Teflon sub-
stantially better in the combined atmosphere.

3.3 ENVIRONMENTAL EFFECTS - GENERAL

After these preliminary remarks regarding test conditions, it is
in order to proceed to a general picture of the effects of natural and
modified space environment on electron tube materials. Then each
class of materials will be discussed.

3.3.1 Material Pairs

When joining two unlike materials to prevent passage of
air or liquid between them, the joints or seals may be mechanical or
pressure seals, bonding with an adhesive material, soldering, brazing,
or welding. There are additional requirements of compatibility and
joinability to consider now.

In the joining process, there may be degradation of the
material at the junction; sometimes an adhesive, solder or brazing
material is used which is less capable of enduring the environment
than the original material pair; frequently the two materials do not




have the same or compatible reactions to changes in environment
conditions. All these situations tend to make the seal the weakest part
of the structure. For this reason, glass-to-metal and ceramic-to-metal
seals are several orders of magnitude less resistant to radiation than
either of the members of the pair. During the development of electron
tubes compatibility with regard to moderate temperature changes and
pressures down to 10"~ or 10° ' Torr, has been determined, making a
considerable body of knowledge available for expansion to cover the .
new environment. Metal-ceramic seals have been shown to operate
well in a nuclear radiation environment which has a flux slightly greater
than that estimated for the SNAP-8 payload.

3.3.2 Coatings and Composite Materials

Frequently it is possible to utilize the desirable properties
of a material and to minimize its faults by combining it with another
material, either in a sandwich or honeycomb format. Protective coatings
are put on to waterproof a porous material, to prevent rust or other
oxide formation on an oxidizable material, to give desired absorption-
emission ratios to the surface of a spacecraft, to provide electrical or
thermal insulation, or, occasionally, to provide a path for current flow.
The situation can be turned around and a substrate be chosen to give
strength or economy. Composite material may consist of a network of
some strong material filled with a softer, weaker material which has
some other necessary property like lubricity, insulation or low weight.
It may be a plastic ''filled" with hollow ceramic beads to reduce weight,
or glass fiber to give strength, radiation and heat resistance.

Protective coatings and composites find use in electron
tube manufacture for the covering of the wires leading to and from the
tubes, the associated circuitry, and in heater coatings, cathodes, insu-
lators, and r-f loss materials.

3.3.3 Micrometeoroids .

The extent of metal penetration by micrometeoroids
appears to be a function of the hardness of the metal., The extent of
surface erosion due to bombardment by micrometeoroids appears to
be of serious consequence only fer optical surfaces and very thin film
coatings where erosion of a few Angstroms thickness of material is
important.
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Recent Explorer XVI data is being examined carefully to
determine how much the weight of the protective armor on vehicles can
be reduced. It may be halved. (Editor's note: Nucleonics, 21, #11,

51 (Nov 1963).)

3.3.4 Vacuum

It can be seen from Figure 3-1 (temperature at which
evaporation or other weight loss is significant) that ceramics, glasses,
and refractory metals can withstand combined high temperature and
vacuum much better than some other metals and plastics. This graph
combines data from many different sources. In general, the criteria
for significant loss in metals is evaporation of a thickness 10-2 cm/year.
The figures for polymers are based on 10 percent weight loss per year.
The ceramic figures are based on several workers' data using different
kinds of measurements where it is recognized that these criteria may
not all be equivalent. An evaporation loss which has very little effect
on the strength of a structural member, may fill an enclosed space
around that member with sufficient gas or deposit to interfere with the
electrical performance of an electron tube and thus establish the need
for different limits than in the case of the structural member.

3.3.5 Radiation

The bar graphs on radiation resistance of materials
(Figure 3-2) must also be looked upon as approximate. Criteria of
failure vary widely and an over-simplification has been introduced in
breaking the groups down into those which are damaged primarily by
fast neutrons displacing atoms in the lattice and those where ionizing
radiation of gammas is most important. In semiconductors, for instance,
both mechanisms are important, although neither is completely under-
stood at present., Current studies on bulk displacement and surface
ionization damages conducted at Bendix Research Laboratories Division
are casting light on effects of different types of radiation on such semi-
conductor devices as transistors and solar cells. Thermal neutrons
have not been considered in these graphs, although they are mentioned
in appropriate places in the more detailed consideration of each class
of material in the following sections.

These figures show that plastics, elastomers, glass, and
semiconductors are more likely to present problems with regard to
nuclear and Van Allen radiation than ceramics and most metals.
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Figure 3-1 - Temperature at Which Evaporation or Other Weight Loss
in Vacuum Becomes Significant for Various Classes of Materials
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3.3.6 Ultraviolet

Ultraviolet radiation in space may cause somewhat different
damage than UV in air on earth for two reasons.

(1) The atmosphere acts as a filter, removing the lower
wavelengths.

(2) Some UV-air damage is really a 2-step reaction, first
the interaction of UV with O, to form ozone and then the
reaction of the ozone with the material being tested.

The effects of combined ultraviolet and vacuum have been
studied principally in the cases of thermal control coatings and some
glasses. Since only a few materials, notably quartz, are transparent
to UV, this form of radiation will not affect materials inside the space-

craft.

3.3.7 Cryogenic Temperatures

It would be difficult to establish orders of merit with
respect to behavior at cryogenic temperatures because compatibility
of each material with its neighbor in the device (especially in the matter
of coefficient of thermal expansion) is as important as the individual
material properties. However, it appears safe to say that very few
plastics and elastomers are recommended for use at liquid nitrogen
temperatures or lower. The few that do not become excessively brittle
will be mentioned specifically in the following sections.

3.4 ENVIRONMENTAL EFFECTS ON CERAMICS

Ceramic is here defined as a crystalline oxide or mixture of
oxides, thus separating it from the glasses which are amorphous, and
the metals and alloys. The definition will be extended to include a few
hard-to-classify materials like boron nitride, which is used like a true
ceramic in electron tube technology.

In general, ceramics can be used almost as well in electron tubes
for space vehicles as for ground based contrivances. Limitations are
imposed by vibration during launch and by thermal neutrons if the
vehicle has a nuclear power source (boron containing ceramics only).
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3.4.1 Vacuum Effects

Ceramics are unaffected by vacuum until very high temper-
atures are reached. Sublimation rates of some materials are given by
Jaffe and Rittenhouse. o These are based on the Langmuir equation
(see subsection 3.6.1.1) and assume that the mean free path is infinite.
In other words it assumes a perfect vacuum but appergs to have a good

degree of validity at pressures as high as 10'7 or 107" Torr (Table 3-3)!4)
(4_{;1: the recent International Symposium on High Temperature
Technology Steinberg and Kerfoot of Lockheed reported on the
behavior of several other ceramic coatings under re-entry conditions,
that is, 1 Torr pressure and temperatures from 1000°F to 4000°F.

They found that there was substantial evaporation of molybdenum
disilicide and columbium disilicide at 2700°F to 2800°F. There is
limited evidence to show that a new metal bonded oxide coating for
tungsten and molybdenum may have negligible evaporation up to 3600°F
(2000°C). All these coatings were developed to prevent oxidation on
molybdenum, columbium, and tungsten at the elevated temperatures of
re-entry. In these cases, the interest in evaporation rate in vacuum

is for the protection of the skin when the returning vehicle gets close
enough to earth for the oxygen in the atmosphere to do substantial
damage to the bare refractory metals.

Table 3-3 - Sublimation of Some Inorganic Compounds in High Vacuum(4)

Sublimation Temp. at which given sublimation rate occurs
Rate
" - -3 -1

Material 10 " cm/yr 10 " ecm/yr | 10 " cm/yr
Magnesium Oxide 540°C 730°C 1090°C
Zirconium Oxide 1070 1320 1480
Beryllium Oxide 1340 1480 1700
Thorium Oxide 1400 1600 1900

3.4.2 Radiation Effects

The effect of radiation on most ceramics used in electron
tubes is insignificant until exceedingly high doses are received. Several
ceramics are rated for radiation resistance below.



3.4.2.1 Alumina

Alumina has been considered a promising material
for tube envelopes for some years. Chapin(48) states that alumina has
withstood an integrated flux of 10®" nvt without undergoing structural
change. Schmidt, et al., of General Electric have used alumina in
making TIMMS tubes, which can withstand 5 x 107rads/second (transient)

and 3 x 1018 nvt.

3.4.2.2 Sapphire

Sapphire, which is generally considered in a
different category than alumina, is really single crystal alumina, which
may or may not be doped with another oxide. The colorless transparent
sapphire used for scientific purposes normally has a high degree of
purity. Table 3-4(50) shows the effect of radiation on thermal conduc -
tivity of sapphire, polycrystalline alumina and beryllium oxide. It
should be noted that the dosage used is higher than anticipated in
electron tubes even in SNAP-8,

In an early study by Wheeler, (51) single crystal
sapphire was subjected to a temperature of 350°C and integrated thermal
neutron flux of 2 x 1019 nvt. A dimensional change of 0.015 percent
was noted as well as a known coloration.

Baicker et al.,(sz) recommended the use of
sapphire as shielding for solar cells because of a lower tendency to
darken than quartz. Telstar I successfully used a 30-mil layer of
sapphire shielding.(53) It has been calculated that this shielding

Table 3-4 - Effect of Radiation on Thermal Conductivity(So)

Initial Thermal Thermal Cond. Thermal Cond.
Material Conductivity(a) Exposure 1(b) after Exp 1(@) Exposure II(P) after Exp u(@)
Sapphire 600 + 200 6 x 1019 300 + 60 6 x 1020 200 + 30
Sintered
ok 400 + 100 3x 1019 230 + 40 4 x 1020 90 % 5
Beryllium 19
Oicids 600 + 200 7x 10 400 + 100 -—- ---

(a) (b) 2,

X 104 cal/°C cm sec fast neutrons/cm
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reduced the proton damage by a factor of 200, although the reduction of
damage due to electrons was much less,

3.4.2.3 Beryllium Oxide

Beryllium oxide's physical properties will not be
affected by the amount of radiation likely to be found near the electron
tube even with a nuclear reactor. At an exposure of 1021 n/cm?
(neutrons per square centimeter), it has been found(54) that 23 cm3
of helium per cm3 of beryllium were formed in the pure beryllium
metal. This gas remains in solution at temperatures lower than 500°C
but at high temperatures bubbles form, leading to swelling, embrittlement,
and increased gas permeability. Thermal conductivity changes with
radiation for the oxide will be found in Table 3-4.(50) More recent data
on thermal conductivity of beryllium oxide was obtained by Cooper,
Palmer and Stolarski.(55)

Figure 3-3a(55) ghows change in conductivity between
unirradiated material and that which received doses of 1.5 x 1019 nvt
at 70-80°C, 1.2 x 1020 nvt at 80-100°C, and 4 x 1020 nvt at 70-80°C.
This is close to the temperature at which one would expect maximum
damage. ‘

For comparison a group of samples was irradiated
at 500 and 600°C. Figure 3-3b shows that the decrease in conductivity
is much less.(55)

3.4.2.4 Boron Nitride

The use of boron nitride near a nuclear reactor
will lead to difficulties. Boron has a large capture cross section, or
one might say, a large affinity for thermal (and fast) neutrons. Some
18 percent of the boron atoms can be ''split' into beryllium and hydrogen.
This reaction is primarily a surface phenomena. The hydrogen will
outgas; the beryllium conducts electrically, heat is evolved and the
physical strength of the boron nitride decreases. Thus, except where
it is needed as a modifier (neutron absorber), boron and its compounds
are not used near a reactor.

3.4.2.5 Thoria

Thoria has a small capture cross section and the
probability of radiation induced reaction in tubes is extremely low.
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3.5 ENVIRONMENTAL EFFECTS ON GLASSES

In general, the use of glass is not recommended where tempera-
tures will be very high or radiation intense. The softening temperatures
of various glasses range from 1075°F for a high-lead lead silicate glass
to 1670°F for an alumino-silicate. The softening temperatures of quartz,
fused silica, or 96 percent silica are substantially higher, being in the
neighborhood of 2800°F.

3.5.1 Vacuum Effects (Combined with Ultraviolet)

It is not anticipated that the vacuum of space in itself will »
have adverse effects on glass.

The combination of vacuum and ultraviolet radiation was
studied by Wahl, Lapp and Haas(56) whose vacuum was measured to be
6 %3 x 10°6 Torr. The total energy of the light was 2 pyrons and the
wavelengths between 2500 and 7000 A. This is twice the energy of the
same spectrum in space. (The solar constant, 2.0 gram-cal/cm?2/min
or 2 pyrons or 140 milliwatts/cm?, to give it 3 of the conventional
sets of units, is defined as the rate at which energy is received from
the sun upon a unit surface perpendicular to the sun's rays above the
earth's atmosphere at its mean distance from the sun. Of these 2
pyrons, 0.2 percent is of wavelength less than 2000 A and 51 percent
above 7000 A.)

Wahl, et al.,(30) found that after 100 hours of these
conditions, neither fused silica nor aluminum-silica glass were visibly
affected. The spectrophotometer recorded no change in transmittance

" over either UV or visible range.

3.5.2 Radiation Effects

3.5.2.1 Glass Coloration

Among the problems caused by ionizing radiation
is the browning of glass due to formation of color centers, a phenomenon
that can be found in glasses exposed to the Van Allen Belt as well as to
nuclear reactors. The camera lenses in satellites use glass to which
a few percent of a cerium compound has been added. Bishay states
that the scavenging role of cerium can be explained on the basis of a
change in oxidation state from Ce3* to Ce?t as a result of gamma
irradiation. Price, Gaines, Newell, and Pearson(58) state that 10
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rads will result in the loss of a few percent of the total transmission
for cerium glass and that even at 10% rads there is only a tolerable
amount of browning. With non-cerium containing glass the coloration
fades some hours after irradiation. Reactor tests with 7720 glass

(boron containing) showed discoloration at 1012 nvot (thermal neutrons).‘48)

There is also a change in the electrical resistance
of glass with radiation. Yamamoto and Tsuchiya(sg) found that with
cobalt 60 as a source, the resistance of high density glass decreased
until a dose of 10® rads was reached and then increased. Cerium-
containing medium density glass had no such minimum point. This is
shown in Figure 3-4.(

In conventional tube fabrication, pyrex glass,
which contains 10 to 15 percent boron, is often used. As was mentioned
in subsection 3.4.2.4, the use of boron near a nuclear reactor, except
as a radiation modifier, is highly inadvisable. The mechanical damage
due to 105 nv t or greater radiation shows itself in the form of cracks
in the glass and rupture of metal-to-glass seals.

Several tests have shown the effect of boron
content on glass behavior.
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Figure 3-4 - Resistance of Glass to Nuclear Radiation(59)
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Tests on evacuated glass (Corning 7720) envelopes
with and without base pins showed gas formation at 101 n/cm®; the
internal pressure increased from 1076 to 1074 Torr, according to data(48)
summarized by Battelle's Radiation Effects Center. At 1017 nv t
another test on the same glass showed cracking on all specimens.
Further exposure resulted in fragmentation.

Another glass, Corning 7070, containing 28 percent
boron oxide, was completely disintegrated by an integrated dose of 2.5 x
1016 n/cm?,

To show that glass with low boron content is less
affected, 13 glass envelopes made of Corning 0120 and equipped with
base pins, were irradiated in the Brookhaven reactor. After exposure
to an integrated flux of 2 x 1017 n/cm?, the envelopes were examined
and found to be discolored. No fissures or cracks were found.

J. D Fleming(60) has reported on effects of
irradiation on slipcast fused silica. His samples were kept in the
Westinghouse Testing Reactor for 340 megawatt days. He concluded
that irradiation to doses up to 4 x 1020 nvt cannot be said to cause a
statistically significant change in strength,

3.5.2.2 Quartz

E. V. Kolontsova and 1. V., Telegrina(61) discuss
changes in crystal structure of quartz which appear after exposure to
1019 neutrons/cm2. The Laue pattern and diffuse maxima obtained by
X-ray diffraction show that a B transition or reorientation starts to
take place about 1019 neutrons/cmz; and by 7 x 1019 neutrons/cmz,
there is a substantial change in the diffraction pattern. While the
authors do not apply their findings to electron tubes, it seems safe
to say that such a change in crystal structure would set up severe
strains, especially where the quartz was joined to an unlike material.
Fortunately 1019 neutrons/cm? seems well above the dosage anticipated
for electron tubes and phase transformations in quartz may be ruled
out as a potential problem source.

Fused silica is transparent to ultraviolet.

-



3.5.2.3 'Tube Tests

Tests which have been performed on completed
tubes have shown failures at fluxes as low as 2.3 x 10 nv t. (Two
4J52A magnetrons developed gassiness and cracks at this level in
tests by Admiral.) Pfaft(62) has indicated that the damage is also
a function of tube design. He found that BL800A reflex klystrons,
3D21B modulators, 3CX100A5 ceramic Hi-mu (UHF) triodes survived
a dosage 1 x 1016 nvt and 4.5 x 106 rads, while all the unshielded 3E29
dual tetrodes suffered glass envelope fracture and one of 3 5727/2D21W
thyratrons failed to ionize after 160 hours in the same test.

A summary of the radiation resistance of ceramics
and glasses is shown in Figure 3-5.

3.6 ENVIRONMENTAL EFFECTS ON METALS

3.6.1 Structural Metals

3.6.1.1 Vacuum Effects

While metals are not ordinarily thought of as
volatile, still in the vacuum of space some will sublime at an appreciable
rate. Cadmium and zinc, which are used on earth for sacrificial cor-
rosion protection over steel, are banned for many space vehicle uses
because they tend to evaporate. This action may have several ill effects:

(1) The damage to the part which was made of or coated
with cadmium or zinc because of loss of material.

(2) The pollution of an enclosed space with the metal fumes.

(3) The damage to other and cooler parts on which the
metal may condense, thus providing a conducting path
on an insulator or interfering with the optics of a
quartz lens or the reflectivity of a thermal control
coating.

The loss of metal can be predicted if the temperature of the metal is
known. The Langmuir equation has been used by a number of workers
including Jaffe and Rittenhouse(4) to calculate sublimation rates
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Figure 3-5 - Relative Resistance of Tube Envelope Materials to Radiation
from a Nuclear Power Source
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Experimental verification of these values requires ultrahigh vacuum
equipment and sensitive microbalances operating in vacuo. Even so,
Buckley and Johnson(63) have been able to show that zinc obeys the
Langmuir equation reasonably well.

Table 3-5(4) shows the sublimation rate of many
of the metals which are used in electron tubes.

Table 3-5 - Sublimation Rate of Selected Metals at Elevated
Temperatures in Vacuum(4)

Element Temperature at which the sublimation rate is

10-5 cm/yr 10° cm/yr 107 cm/yr

°C F °C F G F
Manganese 450 840 540 | 1010 650| 1200
Silver 480 890 590 1090 700( 1300
Aluminum 550 [ 1020 680 | 1260 810 1490
Copper 630 1160 760 | 1400 900 | 1650
Gold 660 | 1220 800 | 1480 950 1750
Chromium 750 | 1380 870 | 1600 1000 | 1840
Iron 770 | 1420 900 | 1650 1050 | 1920
Nickel 800 | 1480 940 | 1720 1090 | 2000
Titanium 920 | 1690 1070 | 1960 1250 | 2280
Platinum 1160 | 2120 1420 | 2580 1640 2980
Molybdenum | 1380 | 2520 1630 | 2960 1900 | 3450
Tantalum 1780 | 3250 2050 | 3700 2300 | 4200 N
Tungsten 1880 | 3400 2150 | 3900 2500 | 4500 ;E"




3.6.1.2 Radiation Effects

3.6.1.2.1 Discussion - Common structural
metals have been used in reactors for 20 years and have demonstrated
great radiation resistance, far beyond that of plastics, elastomers,
semiconductors and glasses. Steels, stainless steels, nickel, niobium
and zirconium alloys have been studied to determine limitations.
Generally, under reasonable temperature ranges, the effects of reactor
radiation on structural metals consists of an increase in tensile and
yield strength, hardness and reduction of elongation and ductility.
However, such effects do not show up until an exposure of at least
1 x 1019 neutrons per square centimeter have been achieved. Type 347
stainless can be used at doses as high as 1022 n/cmz, according to
Shober and Murr.(64) At higher temperatures, 600°F and up, the
tendency toward becoming harder and stronger is offset by the annealing
effects of the temperature.

Speaking at the same ASTM meeting as Shober,
and Murr, N. E, Hinkle of Oak Ridge(65) showed that only small changes
in rupture strength occurred to stainless steel at 1300°F to 1500°F,
to niobium - 1 percent zirconium at 1800°F and to zircalloy 2 at 700
to 900°F, Inconel 600 lost 25 percent of its rupture strength at 1500°F,
possibly in part because of the boron impurity. In general, cold -
worked alloys are less affected than others.

In REIC Report 20, "Effect of Nuclear Radiation
on Structural Metals,''(54) a few limitations are indicated. For instance,
at -423°F types 301 and 310 stainless steel lose 27 and 10 percent
respectively, of their ultimate tensile strength with a fast neutron
(greater than 0.33 mev) dose amounting to 2 x 1017 n/cm?. A post-
irradiation anneal can embrittle type 347 stainless, possibly because
the columbium carbide, normally present, dissociates during extensive
radiation and then recombines near grain boundaries during annealing,
Boron, even when present as an impurity, impairs ductility and rupture
life of Inconel, if the dose is large enough, The mechanism suggested
is that hydrogen, one of the fission products of boron, may diffuse to
the grain boundaries,

At doses of 1 x 102} n/cm2 beryllium behaves
similarly, yielding 23 cc helium per cc Be. The gas remains in solution
at less than 500°C, but forms bubbles at higher temperatures leading
to swelling, embrittlement, and increased gas permeability.
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The refractory metals molybdenum, niobium and
tantalum have been tested after doses of 10 n/cm? without finding any
changes other than increases in yield and tensile strength and reduction
of elongation and ductility similar to stainless steel.

Copper, which is used not only for its structural
properties, but also its electrical characteristics, is strengthened by
irradiation. High temperature anneals out this effect. The change in
conductivity is less than that of glatinum, silver, and bismuth, a damage
rate of 1 x 10726 ohm cm/n/cm having been observed after a radiation
dose of 4 x 1017 n/cm?.

There is no evidence to show that the precious
metals are less radiation resistant than the more common structural
metals, with the exception of silver which has an appreciable capture
cross section, The cross section is less than that of cobalt.

3.6.1.2.2 Cobalt - The use of cobalt and its
alloys in nuclear-powered equipment is usually banned because of
induced radioactivity and long half life of cobalt 60. While the induced
radioactivity might not cause a problem in an unmanned vehicle which
was not returning to earth, there remains the problem of component
preflight testing on earth. In a tube which contains cobalt it would
take months, or possibly years, before it could be handled by anything
other than extreme remote control equipment.

Radiation effects upon magnetic materials are
discussed further in subsection 3.6.2.2 and the cobalt magnets do not
appear to suffer adversely from induced radioactivity.

3.6.1.2.3 Summary - It might be reiterated
here that no electron beam device will receive anywhere near the
dosage discussed in the preceding paragraphs as being sufficient to
cause changes. Therefore, from the radiation point of view, any
conventional structural metal, with the exception of cobalt-containing
alloys, may be used safely. This approved list included OFHC copper;
tungsten; niobium; molybdenum; stainless steel; tantalum; manganese;
titanium; alumina; and the precious metals, gold, silver, and platinum.
Cobalt-containing alloys will not be appreciably affected by Van Allen
or Starfish Belts,
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3.6.1.3 Other Hazards

The data on Micrometeoroid damage to metals
is shown in subsection 2.1.4. Electromagnetic radiation will cause no
difficulty to structural metals themselves, although it may affect
thermal control coatings applied to them.

Temperature considerations may be influenced
much more by the heat generated in the electron beam device than any
other factor. The difficulty in dissipating heat in a vacuum will be
discussed at greater length in another section. It should be sufficient
to say here that metals like silver, copper, and gold which have appreci-
able vapor pressures in vacuum at temperatures of 500, 650, and 700°C
should be evaluated carefully in the light of anticipated operating
temperatures.

3.6.2 Magnetic Materials

3.6.2.1 Vacuum Effects

The sublimation rates of metals (Table 3-5)(4)
indicate that it is very unlikely that a magnetic material would fail
because of the vacuum environment.

3.6.2.2 Radiation Effects

Gordon and Sery of U.S. Naval Ordnance Laboratory
have studied this subject intensively, and have published a dozen ga?ers
on the subject. The data here is based on two of their papers(bb' 7
both of which review their own and other workers' findings.

It has been shown that, with irradiation of 1017
epicadmium neutrons/cm?, materials with coercive forces greater
than 0.5 oersted (such as silicon irons, aluminum irons, and Permendur)
generally exhibit no appreciable changes in any of their magnetic pro-
perties. However, materials with coercive forces of less than 0.5
oersted (supermalloy, 4-79 Mo permalloy, and other nickel-irons) show
drastic degradation in their structure sensitive properties (coercive
force, permeability, and remanence). Supermalloy and 4-79 Mo
permalloy show major changes at as low a dose as 10! neutrons/cmz.

The recent interest in space radiation has en-
couraged investigation of the effects of protons on magnetic materials.
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Pure iron and 5-79 Mo permalloy were irradiated with 1.5 and 4 mev
protons up to 10"~ and 1017 protons/cm? at 100°C. There were no
changes in coercive force, initial permeability, saturation magnetization,
or magnetic anisotropy. Remanence and magnetic permeability
decreased about 35 perce<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>